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We model nicotine from environmental tobacco smoke (ETS) in office air and Salivary cotinine in 
nonsmoking U.S. workers. We estimate that: an average salivary cotinine level of 0.4 ng/ml cor¬ 
responds to an increased lifetime mortality risk of 1/1000 for lung cancer, and 1/100 for heart 
disease; >95% of ETS-exposed office workers exceed OStiA’s significant risk level for heart 
disease mortality, and 60% exceed significant risk for lung cancer mortality; 4000 heart disease 
deaths and 400 lung cancer deaths occur annually among office workers from passive smoking in 
the workplace, at the current 28% prevalence of unrestricted smoking in the office workplace. 
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1. INTRODUCTION 

A body of evidence on the health risks of environ¬ 
mental tobacco smoke (ETS) has accumulated during the 
past two decades, 1 connecting exposure to ETS 
to the risk of mortality. The U.S. Environmental Protec¬ 
tion Agency (EPA) declared ETS to be a known human 
lung carcinogen. 11:1 The American Heart Association pro¬ 
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claimed passive smoking to be a cause of fatal cardio¬ 
vascular disease in nonsmokers. (52 -' Tire U.S. 
Occupational Safety and Health Administration 
(OSHA), citing the risk of heart and lung fatality to 
nonsmoking workers from passive smoking, has pro¬ 
posed a rule to eliminate nonsmokers’ ETS exposures in 
the workplace. 12 *’ 8 ' hr a protracted and contentious public 
hearing on this proposed rule in 1994—1995, the tobacco 
industry challenged OSHA’s proposal, asserting that 
ETS exposures in the workplace were low, and that any 
possible risks were less than the “significant risk” level 
which tlie Supreme Court imposed as a test to justify 
OSHA regulation, and therefore were legally insufficient 
to allow OSHA to act. (3 -" 

In order to estimate the levels and significance of 
workplace ETS exposure and dose on nonsmokers, this 
paper seeks to (1) develop a physical model to predict 
office nicotine concentrations from workplace smoking; 
(2) develop a pharmacokinetic model to predict salivary 
cotinine levels in nonsmoking workers due to passive 
smoking; (3) develop expected frequency distributions 
for modeled exposure and dose, and compare these re¬ 
spectively with an observed distribution of nicotine in 
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office workplace air and an observed salivary cotinine 
distribution from workers exposed to ETS only at work; 

(4) develop exposure- and dose-response relationships 
between airborne nicotine and salivary cotinine and the 
risk of ETS-induced lung cancer and heart disease; and 

(5) estimate the magnitude of mortality from ETS ex¬ 
posure for workers in office workplaces with unrestricted 
smoking. 

Nicotine and its primary metabolite cotinine are 
good indicators of ETS exposure in nonsmokenU 10 - 39 - 40 - 673 
Airborne nicotine has been found to be highly correlated 
to the number of cigarettes smoked in the presence of 
nonsmokers and to urinary cotinine in those nonsmok- 
ers.(w> During passive smoking, nonsmokers inhale 
nicotine proportionally to the product of concentration, 
exposure duration, and respiration rate/ 18 - 37 ' 53 ' inhaled 
nicotine is absorbed into the bloodsteam through the 
lung, and is rapidly and extensively metabolized with a 
half-life of the order of 2 hrs by the liver into cotinine 
and nicotine N-oxide/ 4<,) The intake of nicotine reflects 
exposure to other constituents of ETS. <391 In nonsmokers, 
cotinine has a half-life in. plasma on the order of 17 
hrs, t39) and thus is an indicator of the integrated exposure 
to ETS over the previous 1 -2 days.* 3 -™ Cotinine appears 
in al! body fluids and on average is excreted in fixed 
relationships from plasma (i.e., serum) into saliva and 
urine/ 1 ll239 > Salivary cotinine accurately differentiates 
current smokers from nonsmokers in field settings such 
as worksites, and a cutoff of 10 ng/ml is useful in dif¬ 
ferentiating ETS-exposed nonsmokers from light smok¬ 
ers/ 393 Although nicotine is present in trace amounts in 
certain vegetables, dietary sources are negligible com¬ 
pared to passive smoking as a contribution to body fluid 
cotinine, <i3 ' 4 ' MJ9) arguments to the contrary (49) notwith¬ 
standing. Thus, cotinine in body fluids provides a valid 
quantitative measure of recent integrated ETS expo- 

sure. (39 ’ 4(| ) 

Lung cancer and heart disease have been associated 
with workplace passive smoking. Lung cancer has been 
associated with U.S. workplace ETS exposure in the 
largest and best 11 - 2 * case-control study of passive smoking 
(653 cases, 1253 controls)/ 20 ’ 2 '’- 95 * A subset of this group 
(526 cases, 1148 controls), women who reported ever 
working outside the home for >6 months had an adjusted 
odds ratio of 1.58 (95% CL, 1.21-2.02) for exposed 
workers vs. nonexposed workers, for all lung cancer and 
for adenocarcinoma, controlling for numerous covariates 
and adult nonworkplaee exposures. (55) For women with 
30 or more years of work exposure, an odds ratio of 
2.08 (95% Cl, 1.35-3.20; p < 0.001) was found for lung 
cancer/ ss > In a prospective study of coronary heart dis¬ 
ease (CHD) in 32,000 female U.S. nurses aged 31—61 


yrs, for nonsmoking women exposed only at work, a 
dose-response gradient for passive smoking and CHD 
was observed/ 72 * with adjusted relative risks of CHD be¬ 
ing 1.00 [for no exposure], 1.58 (95% CL, 0.93-2.68) 
[occasional exposure], and 1.91 (95% Cl, 1.11—3.28) 
[regular exposure], The risks of CHD were similar 
among women exposed at home to those exposed only 
at work. A workplace CHD effect was also found in 
China/ 441 

In addition, lung cancer and heart disease mortality 
have been associated with nonsmokers’ cotinine levels. 
In an epidemiological casc-control study of lung cancel 
(23 cases, 191 controls, 1989-1992), in a cohort of 
Netherlands women (n = 214) aged 40-64, lung cancel 
risk was found to be correlated with their historical uri¬ 
nary cotinine excretion measured from 1977 -199 t/ 45 
The average odds ratio for heavier passive smoking (uri¬ 
nary cotinine 9.2-100 ng/mg creatinine) to lighter pas¬ 
sive smoking (urinary cotinine <9.2 ng/mg creatinine 
was 2.6 (95% CL, 0.75-8.7)/ 42 > Tunstall-Pedoe et al . {54 
in a Scottish cross-sectional study of passive smoking 
and heart disease in 786 men and 1492 women, fount 
that increasing quantitative measures of serum cotinin< 
in ng/ml correlated to diagnosed heart disease risk, witl 
an odds ratio of 2.7 (95% Cl, 1.3-5.6) for the highes 
vs. the lowest exposure quartile, adjusted for age, hous 
ing tenure, total cholesterol, and blood pressure. 

In sum, lung cancer and heart disease have bee; 
associated with cotinine levels in notismokers as well a 
with passive smoking in the workplace; thus, it appear 
that air nicotine and cotinine in body fluids can be usefi 
markers for estimating ETS exposure and dose and fc 
assessing nonsmokers’ risk of heart and lung mortalit 
from passive smoking in the workplace. 

2. FIELD STUDIES OF WORKPLACE AIR 
NICOTINE AND WORKERS’ SALIVARY 
COTININE 

Nicotine. In a 1991-1992 study of ETS nicotine i 
the air of 25 diverse worksites in central and eastei 
Massachusetts, sampled by Hammond et al< n > week 
average passive nicotine monitors were deployed (If 
25 samplers per worksite) and analyzed by nitrogen-se 
sitive gas chromatography, with a detection limit of 0 
(Ug/m 3 over a 7 day sampling rime. Shop and office 1 
cations were sampled separately. Companies were cla 
sified as to smoking policy: allowed throughout tl 
worksite (II worksites); restricted to designated are 
(eight worksites); or banned throughout the worksite (s 
worksites). For 61 samples collected over a 7 day peril 
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in the open offices located in nine office worksites where 
smoking was not restricted and occupancy consisted of 
mixed smokers and nonsmokers, the median nicotine 
concentration was 8.6 |ig/m 3 , the mean value was 14.0 
pg/m 3 , and the range was 0-130 pg/m 3 . Measured values 
were adjusted to a 9-hr workday (assuming 8 hrs of work 
plus 1 hr for lunch) and a 45 hr work-week. Nicotine 
values were approximately lognormally distributed, as is 
typical for pollutant concentrations in indoor air. (24) 

Cotinine. Emmons et a/ ri - i7> measured saliva cotin- 
ine concentrations by GC-MS in 186 nonsmoking vol¬ 
unteers from Rhode island in the late 1980s, and found 
that 83% had detectable values. These persons were 97% 
white, 63% female, and had completed an average of 
about 16 years of education (the majority were office 
workers; some worked in psychiatric hospitals and sub¬ 
stance abuse clinics). Typical workdays were 7 hrs plus 
one hour for lunch. Subjects were questioned about ETS 
exposure at work and at home; no other exposures were 
considered. Eighty-four percent of those who worked 
outside the home (75.6% of the total sample) reported 
having regular exposure to smokers at work. Emmons 
et alS ls) found that the cotinine concentrations of the 
subjects were successfully predicted by a regression 
equation which included only the number of smokers at 
home and at work and the number of minutes of expo¬ 
sure recorded in a daily diary. Emmons et ai. (,5) reported 
that subjects who lived with smokers had median sali¬ 
vary cotinine levels of 1.0 ng/ml (range <0.5-7.4 
ng/ml). Subjects who worked regularly with smokers 
had median cotinine levels of 0.8 ng/ml (range <0.5— 
7.4 ng/ml). Workplace nicotine levels were not mea¬ 
sured. Means were not presented, because 17% of the 
subjects had cotinine levels below the limit of detection 
(0.5 ng/ml) which is well within the range of cotinine 
levels of interest. 


3. MODEL DEVELOPMENT 

We now derive point-estimate models relating the 
parameters of ETS generation, transport, and removal in 
the workplace to the mean values of airborne nicotine 
in workplace air and the corresponding salivary cotinine 
levels in workers. 

Nicotine. Steady-state levels of nicotine [like res¬ 
pirable suspended particulate (RSP) and carbon mon¬ 
oxide (CO)] from ETS in an indoor space are directly 
proportional to the ETS source strength (rG iV n s ), where 
r is the smoking rate for the smoker (cigarettes per 
smoker-hour), G N is the nicotine emission rate (micro¬ 
grams per cigarette), and n s is the number of 


smokers.* 4 - 22 - 313 Steady-state levels are also inversely pro¬ 
portional to a dilution and removal factor ( VqCj, where 
V is the dilution volume (cubic meters) and qC v is the 
effective air exchange rate (air changes per hour [ach]), 
which incorporates removal by ventilation, C v , and an 
empirically determined factor, q, which increases C„ to 
account for ETS decay from absorption by surfaces (di- 
mensionless). (4) For nonabsorptive gases like CO, q = 

1, while for ETS constituents like nicotine, which decay 
by sorptive processes on surfaces, q > 1 ,* 4> These factors 
are combined in the mass-balance model* 461 to estimate 
the steady-state ETS-Nicotine concentration N (in units 
of micrograms per cubic meter)* 4 - 22 - 311 : 

N = (>C’ A , nJVqC y ) (I) 

The growth of the lime-dependent nicotine concentration 
N(t) from the onset of smoking at t = 0 is given by: 

N(t) = N{\ - (2) 

and its decay following the cessation of smoking is 
given by (for r > tj: 

N(t ) = N' e-'* Cv (3) 

where N' = N (1 — e?~V Cv ) (4) 

and t s is the duration of smoking. During the course of 
a normal 8-hr workday, workers are assumed to arrive 
at 9 am, work until 12 noon, go to lunch until 1 pm, 
then work until 5 pm. In this case, the Office morning 
nicotine concentration will be described by Eq. (2), the 
concentration during the lunch hour by eq. (3), and the 
afternoon concentration by the sum of Eqs. (2) and (3). 
The 8-hr time-weighted workshift average nicotine con¬ 
centration JV 8 . TWA will then be given by the product fN, 
where/is a factor which converts the steady-state con¬ 
centration to an 8-hr time-weighted average (Appendix), 
allowing for departures from equilibrium due to growth 
and decay processes associated with build-up of the con¬ 
centration from zero in the AM, decay during lunch hour 
and beyond, and buildup in the PM, and is calculated 
from time-weighted integrals of Eq. (2) and (3). Ac¬ 
cordingly, in units of pg/m 5 , 

Ak™, = frG N nJVqC„ (5) 

Cotinine. Repace and Lowrey’s* 31 pharmacokinetic 
model for cotinine in urine and plasma was found to 
predict mean values for cotinine in both these body flu¬ 
ids to within 10%-15% of the observed median values 
from clinical epidemiological studies, and values pre¬ 
dicted for the most-exposed nonsmokers fell well within 
the range of cut-off values typically used by epidemi¬ 
ologists to differentiate heavy passive smokers from 
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Table I. Model Symbols, Definitions, Units, Range or Standard Deviation, and References for the Parameters in the Monte Carlo Simulation of 
Air Nicotine and Salivary Cotinine as a Function of Workplace and Biological Parameters as Calculated in the Following Elemental Simulation 

Equations; 

Airw* (Mg/m 2 ) = ( r /C K P,d ? lqC v ) and S (ng/ml) “ 1000 fr4>ap/ST)(ffXiV,. TWA ) 


Symbol 

Monte Carlo simulation 
parameter definitions and units 

Target 
mean for 
simulation 

Standard deviation and bounds 
used in simulation (bold values) 
vs. (range or std dev reported in 
reference for target mean) 

Distribution 
type used in 
simulation 3 

Sample size 
and reference for 
target mean 

ol 

lung nicotine absorption efficiency 
(dimensionless) 

0.71 

0.21 SD bounds: 0.01-1.0 

0.10 SD, range: 0.45-0.95 

TN 

(n = 17) l4?l 

7 

salivary-to-plasma cotinine ratio 
(dimensionless) 

1.16 

0.35 SD bounds: 0.10-3.0 

N 

(n = looy 11 * 

5 

plasma cotinine clearance, (ml/min) 

61 

18 SD bounds: 20-100 8.0 SD 

N 

(n = 13) (ll ' 71 > 


nicotinc-to-cotinine conversion efficiency 
(dimensionless) 

0.78 

0.16 SD bounds: 0.01-1.00 

0.1Q SD range: 0.49-1.0 

TN 

(n — 146) 
(Appendix) 

P 

respiration rate (mVhr) 

0.90 

0.18 SD bounds 0.4-1.4 

N 

Ref. 48 

T 

number of minutes per day 

1440 

dose is averaged over 1 day 

— 


c„ 

/ 

air exchange rate (air changes per hour) (hr- 1 ) 

8-hr time-weighted averaging factor 
(dimensionless) 

0.84 

0.42 SD bounds 0.2-8 

0.24 SD range: 0.1-3.3 
/= {7/8 + (-1 + e'** - e-^ 
+ f- !<iCv ) / 8 qC r } 

LN 

{n = 13 bldgs.p> 

(Appendix) 

C?v 

nicotine emissions per cigarette (pg/cig) 

1800 

540 SD bounds 700-2900 

1762 ± 282 SD range: 1100-2600 

N 

(n = 50 brands) 1 - 2 ’ 1 

H 

duration of exposure (hr/day) 

7 

0.5 SD; bounds 6-8 

N 

See text 

d p 

Office person density (10-ft ceiling) (pers/m 3 ) 

0.025 

0.005 SD bounds 0.005-0.08 
range and SD not given 

N 

Ref. (7) 

9 

ratio of effective to ventilatory air exchange rate 
(dimensionless) 

2.2 

0.33 SD bounds 1-4 
range: 1-4 

LN 

Ref. 4 and 46 
(Appendix) 

r 

cigarettes per smoker-hour 

2 

0.60 SD bounds 0,1—6 

N 

Ref. 4 

P s 

smoking prevalence (dimensionless) 

0.29 

0.06 SD bounds 0,05-0.9 

N 

(n = 41,000y MM > 


'N; normal, LN: lognormal, TN: truncated normal 


light active smokers/ 161 This model may be extended to 
salivary cotinine as follows: 

The daily average dose of ETS nicotine, D, in units 
of jag/day, absorbed by the lung into plasma is given 01 
by the expression: 

D = a P HN av , (6) 

where a is the absorption efficiency for inhaled nicotine, 
p is the nonsmoker’s respiration rate during exposure in 
m ! /hr, H is the duration of exposure in hrs/day, and N aw> 
is the daily average nicotine concentration, which is 
given by Eq. (5). 

The resultant mean plasma cotinine concentration, 
P, in units of pg/ml, is then given 01 by the expression: 

P = 4>Z?/St (7) 

where 4> is the nicotine-to-cotinine conversion effi¬ 
ciency, 6 is the nonsmokers’ plasma cotinine clearance 


in ml/min, and t is the length of a day in minutes. [Nu¬ 
merical values and references for all parameters arc sum 
marized in Table I], Curvall et at. lll) and Jarvis (u) havr 
shown that the saliva cotinine concentration (given ben 
in units of pg/ml, but generally expressed in units o 
ng/ml) is proportional to the plasma cotinine concentra 
tion with a constant of proportionality which we defin- 
as y: 

S = yP (8 

By combining Eqs. (5-8) the following general ex 
pression for the estimated steady-state saliva cotinin 
concentration, S, is derived: 

S = (yor p/ 5 t ){H)(frG N nJVqC. J (S 

Equation 9 shows that saliva cotinine 5 is the prex 
uct of three sets of parameters: physiological, exposui 
duration, and exposure concentration. While the phys 
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ological parameters y, <f>, a, p, and 8 may vary consid¬ 
erably from individual to individual, in large numbers 
of subjects they will converge toward group means. 

4. POINT-ESTIMATE MODEL PREDICTIONS 
AND VALIDATION 

We now apply Eq. (5) to the case of the office 
workplace to generate point estimates of the workshift. 
mean for the nicotine concentration, /V S _ TWAJ in a typical 
U.S. office workplace and Eq. (9) to estimate the resul¬ 
tant mean daily salivary cotinine concentration, S, ex¬ 
pected for a typical nonsmoking worker in that 
workplace. The parameter values used are discussed in 
the Appendix and summarized in Table I. 

Nicotine. For a 1000 ft 2 open plan office (a 10 ft 
ceiling is assumed), the ASHRAE Standard design oc¬ 
cupancy will be seven persons,™ and at a 1991 smoking 
prevalence of 29%, <23> this would yield two smokers. The 
design outdoor air supply rate recommended by the 
ASHRAE Standard for offices is 20 ft 3 per minute per 
occupant (cfm/occ) (10 Lps/occ)/ 75 The equivalent air 
exchange rate due to ventilation is C v = 20 cfm/occ X 
60 min/hr X seven occupants / 10,000 ft 3 = 0.84 air 
changes per hour. Using the values r - 2 cig/sm-hr, 145 q 
= 2.2,W G n — 1800 gg/cfg (Appendix), V = 10,000 ft 3 
= 283 m\ and /= 0.81 (Appendix) in Eq. (5), we es¬ 
timate an 8-hr time-weighted mean nicotine concentra¬ 
tion AVtwa = / rG., n jVqC„ = 0.81 X 2 X 1800 X 2 / 
(283 X 2.2 X 0.84) — 11.2 gg/m 3 . This value may be 
compared with the observed values, adjusted to an 8-hr 
workshift, of 15.8 gg/m 3 for the arithmetic mean, and 
9.7 pg/m 3 for the median, from data measured by Ham¬ 
mond et for the open-plan workplaces as discussed 
above. Thus, by making reasonable assumptions for the 
constants and choosing average values for the workplace 
parameters, the model yields a point estimate between 
the median and the mean, in reasonable agreement with 
observations. 

Cotinine. Similarly, we apply Eq. (9) directly to 
calculate S, using the same values of the parameters used 
to calculate V g . IWA above for the model office workplace. 
From the Appendix, 4> = 0.78, y = 1.16, a. = 0.71, p 
= 0.9 mr/hr, and S = 61 ml/min. We assume the work¬ 
ers are exposed to N SrJylA for H = 7 hrs, while t = 1440 
min, to calculate a daily average. Then the predicted 
mean salivary cotinine for a nonsmoker exposed to ETS 
in this office is S = (-y4>c*p/8t) • (H) • 1V 8 TWA = (1.16 X 
0.78 X 0.71 X 0.9) / (61 X 1440) X 7 X (11.2) x 1000 
ng/pg = 0.52 ng/ml. What do the observational data 
show? Emmons et al.’s subjects reporting exposure “at 


work only” had a median salivary cotinine value of 0.46 
ng/ml for the 89 subjects/ 135 The predicted mean yields 
a point estimate reasonably close to and higher than the 
median, as expected (the mean value was not reported 
due to a number of readings occurring below the limit 
of detection). The ratio S/N = 0.52 ng/ml/11.2 pg/m 3 = 
0.046. Thus, reasonable agreement between theory and 
experiment is achieved, suggesting that the model ap¬ 
proximates reality. However, with a point estimate 
model, only the arithmetic mean of a distribution can be 
predicted for comparison with observations; using the 
probabilistic technique described below, the proposed 
models can be compared to the entire distributions of 
airborne nicotine and salivary cotinine observed in field 
studies. 


5. MONTE CARLO SIMULATION AND 
PARAMETERS OF THE NICOTINE AND 
COTININE DISTRIBUTIONS 

Assuming probability distributions for the model 
parameters instead of single values, it is possible to es¬ 
timate distributions of nicotine and cotinine values by 
Monte Carlo simulation/ 415 In the simulation, each in¬ 
dividual parameter in Eqs. 5 and 9 is replaced by a dis¬ 
tribution of values rather than a single mean value. For 
example, the physiological parameters y, <J), a, p, and 8 
will differ for different individuals; the physical param¬ 
eters of workplace exposure, such as C„, will differ for 
different workplaces; and the emissions of different cig¬ 
arettes will differ as a result of variations in product 
design as well as the way they are smoked, impacting 
on For some parameters in Eqs. (5) and (9), the 
shape of the distribution is assumed to be normal (e.g., 
the physiological coefficients), and in others lognormal 
(e.g., certain physical ones dealing with dilution phe- 
nomena' 245 such as ventilation' 255 )—see the Appendix. 

Table I lists the parameters and their assumed dis¬ 
tributions. Parameter means are based upon reported or 
expected values; however, the range and standard devi¬ 
ations are increased in some cases (shown in bold type 
in Table I) to reflect greater variability and uncertainty 
in extrapolating parameter values derived from limited 
data to the more general scenario we are attempting to 
simulate, i.e., the distribution of nicotine levels in U.S, 
open office workplaces with unrestricted smoking, and 
the corresponding salivary cotinine levels in U.S. office 
workers. Using the reported standard deviations where 
available (primarily for the physiological parameters) 
did not materially affect the simulation results (results 
not shown). For other parameters, no data are available. 
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IN,.™) (Mg/m 5 )-> 

Fig. 1. Monte Carlo simulation of the expected nicotine frequency 
distribution in U.S. office workplaces with unrestricted smoking, gen¬ 
erated tram the physical model described in Eq. (5) using 10,000 ran¬ 
dom samples from the parameter distributions described in Table I. 
The median value is 11.3 pg/m\ the mean value is 13.8 pg/m\ and 
the range is 0.5-109 pg/m'. 


Table II. Comparison of Simulated and Observed Nicotine {.v t 
and Cotinine (5} Distributions by Exposure/Dose Percentile: The Air 
Nicotine Values Arc Those Expected for an Office Workplace with 
Unrestricted Smoking and the Salivary Cottiiine Levels Are Those 
F.xpected for Nonsmokers from Daily Passive Smoking in Those 
Office Workplaces 


Concentration 

Air nicotine (jig/m 3 ) 

Salivary cotinine (ng/ml) 

Observed 

Emmons Predicted 

et steady state 

(n = 89) {n = 10,000) 

Percentile 

Observed 
8-hr TWA 

Hammond 

et al.'- 21 - 
(n = 61) 

Predicted 

8-hr TWA 
(n = 10,000) 

0 

0.OO 

0,50 

— 

0,01 

5 

0.056 

3.36 

— 

0.10 

10 

0.67 

4.46 

— 

0.14 

20 

1.46 

6.23 

— 

0.22 

30 

2.70 

7.79 

— 

0.30 

40 

4.05 

9.34 

- 

0.38- 

50 

9.67 

11.25 

0.5 

0.49 

60 

12.04 

13.38 

0.6 

0.61 

Mean 

15.75 

13.80 

— 

0.70 

70 

19.35 

16.01 

1.0 

0.78 

80 

24.86 

19.93 

1.2 

1.02 

90 

40.61 

26.36 

1.8 

1.46 

95 

50.62 

32.42 

2.4 

1.98 

97.5 

95.60 

39.50 

4.0 

2.62 

Maximum 

146 

109 

5.0 

9.36 


■ Level corresponds to estimated 1/1000 lifetime risk of fatal lung can¬ 
cer and 1/100 risk of fatal heart disease. 


e.g., on the distribution of values for offices, and as¬ 
sumptions had to be made. Our assumptions are ex¬ 
plained in greater detail in the Appendix. Note also that 


Table III. Calculated!* 1 ’ Parameter Contribution to Variance (Spread) 
of (S1 and {N t T „ A } in the Monte Carlo Analysis: The Biological 
Parameters a, 6, tb, y, and p Contribute About 40% to the Variance 


Parameter 

(N) 

{£} 

C v 

38.5 

22.2 

r 

20.7 

13.2 

Gv 

17.8 

9.8 

p. 

10.3 

5.1 


8.9 

6.3 

■7 

3.7 

2.3 

7 

— 

12.4 

8 

— 

11.0 

<x 

— 

9.5 

p 

— 

3.9 

<f> 

— 

3.7 

H 

— 

0.4 

Total 

100% 

100% 


because n, and V are correlated parameters, they were 
redefined for the probabilistic model such that njV — 
Pjd p , where T‘. is the smoking prevalence and d p is the 
office person density. A large number of trials (10,000) 
were generated to minimize the effect of random vari¬ 
ability. 


6, MONTE CARLO SIMULATION RESULTS 

The office air nicotine levels calculated are uni¬ 
formly diluted average levels for an 8-hr office work- 
shift, while the salivary cotinine values calculated 
represent daily averages assuming 7 hrs of exposure to 
the average office air nicotine concentration. 

Nicotine. The simulation, based upon 10,000 trials, 
predicts a roughly lognormal distribution of nicotine 
concentrations {N x TVVA } for the typical office workplace 
(Fig. 1), in reasonable agreement (values rounded) with 
Hammond et aid s <2 ° {/V S _ WA } office concentration results 
as shown in Table 11 (predicted vs observed]: 10th per¬ 
centile [4.5 pg/m 3 vs. 0.70 pg/m 5 ], median [11 pg/m 3 
vs. 9.7 pg/m 3 cb, mean [14 pg/m 3 vs 16 pg/m 3 ], 90th 
percentile [26 pg/m 3 vs. 41 pg/m 3 ]. Under the model 
assumptions, about 58% of the variation in {N g TWA } is 
contributed by parameters affecting the nicotine emis¬ 
sion rate and smoker density, while 42% is due to air 
exchange rate variation (see Table III). 

Cotinine. The simulation, based upon 10,000 trials, 
predicts a roughly lognormal distribution of salivary co- 
tinine concentrations {5} for typical office workers (Fig. 
2), in good agreement with the observations of Emmons 
et for nonsmoking office workers’ salivary cotinine 
distributions: Nonsmoking workers’ (5) concentration 
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(SJ (ng/ml) -> 

Fig. 2. Monte Carlo simulation of the expected salivary cotinine fre¬ 
quency distribution for U.S. nonsmoking office workers generated 
from the pharmacokinetic model described in Eq. (91 using 10,000 
random samples from the parameter distributions described in Table 
I. This distribution is derived from the nicotine distribution shown in 
Fig. I, assuming one woiker is “sampled” per office. The median 
value is 0.49 ng/ml, the mean value is 0.70 ng/ml, and the range is 
0.01-9.4 ng/ml. (N.B.: “Outliers” refers to the data points beyond the 
display range.) 



Fig. 3. Air nicotine. Theory vs. observations. Plot of measured {n — 
61) nicotine concentration (solid circles) by distribution percentile for 
nine Massachusetts office workplaces with unrestricted smoking (Data 
from Hammond et al.) ,m vs. Monte Carlo simulation (n = 10,000) of 
nicotine concentration expected for a “typical” office workplace using 
the model based on Eq. (5) (solid line with crosses). The observational 
data were taken for 7 days (averaging over periods of nonoccupancy) 
and scaled to an 8-hr workday. The simulated /Vj.twa dula were cal¬ 
culated for an 8-hr workday. 


as shown in Table III: [predicted vs observed]: 10th per¬ 
centile [0.14 ng/ml vs not reported], median [0.49 ng/ml 
vs. 0.50 ng/ml], mean [0.70 ng/ml vs. not reported], 90th 
percentile [1.5 ng/ml vs. 1.8 ng/ml]. Under the model’s 
assumptions, about 60% of the variation in {5} is due 
to variation in parameters determining the nicotine ex¬ 


posure, while about 40% is due to biological variation 
in nicotine absorption and cotinine metabolism (see Ta¬ 
ble 111). 

The mean and percentiles under 50% could not be 
calculated for the Emmons et al. data because 0.5 ng/ml 
was the limit of detection. Tt should also be noted that 
the nonsmokers defined as exposed “at work only” (i.e., 
at work but not at home) in the Emmons study may have 
had other nonhome sources of ETS exposure contribut¬ 
ing to their salivary cotinine levels. Since the predicted 
distribution is for 10,000 workers, and the observations 
are for 89, and given that background is not included, 
the differences are small and in the right direction, with 
the predicted values below the observed, allowing for a 
small nonworkplace (and nonhome) background; the 
agreement appears reasonable. A linear regression of {5} 
in ng/ml vs. {iV} in |4g/m’ for the 10,000 trials yields a 
slope S/N = 0.05. 

7. DISCUSSION 

In probablistic form, the models given here are able 
to explain by percentile the shape of the observed ex¬ 
posure distribution of nicotine in the air of nine Mas¬ 
sachusetts workplaces with unrestricted smoking, as 
shown in Fig. 3, and the observed dose distribution of 
salivary cotinine in 89 nonsmoking Rhode Island white 
collar workers who reported being exposed to ETS only 
at work, as shown in Fig. 4. Cigarette smoking preva¬ 
lence (all ages) in these two neighboring states is similar 
to the average for all states. <5!) The close agreement be¬ 
tween model and observations (Figs 3 and 4, Table II) 
suggests that the models we have developed for nicotine 
and cotinine incorporate the parameters necessary and 
sufficient for their prediction. 

With respect to the simulated salivary cotinine dis¬ 
tributions, it must be noted that the Monte Carlo analysis 
we conducted simulates one worker salivary cotinine 
level for each office nicotine value. In deriving a com¬ 
posite salivary cotinine distribution, the actual number 
of nonsmoking workers at each exposure level is not 
known. Therefore, we must assume that the salivary co¬ 
tinine levels as simulated aTe representative of all U.S. 
office workers in offices with unrestricted smoking. 

While the simulated distributions agree reasonably 
well with independent observations, it is important to 
recognize the uncertainties in the parameter values of the 
model. The distributions for the physiological param¬ 
eters are based upon experimental and observational 
data; however, some of the datasets are very limited. The 
smoking prevalence and smoking rates arc based on 
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Percentile 


Fig. 4. Salivary cotinine: Theory vs. observations. Measured salivary 
cotinine concentration (solid circles) by percentile for 89 Rhode Island 
workers who reported exposure to ETS at work only (Data from Em¬ 
mons et at*- 15 *, K. M. Emmons, personal communication) plotted vs. 
Monte Carlo simulation of cotinine concentration using the model 
based on Eq. (9) (solid line with crosses). The modet assumes 7-hr of 
exposure to AVtw a per 8-br workday. 


large surveys, and the means are expected to be gener¬ 
ally representative, although the full distributions are un¬ 
certain. The mean values for C, and q are also based on 
empirical evidence, although the full distributions are 
similarly uncertain. The nicotine emission per cigarette 
is not sales-weightcd; therefore there is some uncertainty 
in extrapolating these results. The distributions for du¬ 
ration of exposure (i.c., length of workday) and office 
person density are unknown; however, reasonable as¬ 
sumptions can be inferred. 

Our simulation (see Table 1 equations) does not ex¬ 
plicitly contain the distribution of office volumes;™ 
rather, the Monte Carlo analysis relies on the smoker 
density parameter, nJV = d p F, which is calculated as the 
product of the number of persons per unit volume times 
the smoker prevalence and is expected to be more stable. 
A complexity that can occur for small offices is the im¬ 
pact of “fractional smokers” generated by the simula¬ 
tion, although this is expected to average out over a large 
number of offices. In large offices, the effect of frac¬ 
tional smokers would be minimal. 

Despite the unavoidable uncertainties in some of 
the parameter distributions, our simulated results agree 
reasonably well with available real world data, suggest¬ 
ing that the model structure and the mean values are 
fairly sound. Although the model validation is limited, 
our results appear to predict the midranges of the air 
nicotine and salivary cotinine distributions well. The ex¬ 
treme values, particularly those at the upper end of the 
distributions, have greater uncertainty and are less stable. 


We appear to be underpredicting the variability of N; 
however, it is unknown which parameter variabilities are 
under estimated. The values for nicotine means for the 
point-estimate model and the simulation are, respectively 
(for A s . twa ), 11.2 pg/nT vs. 13.8 pg/m 3 . The SW s . TWA 
ratio is the same in both cases, 0.05 ng/mi per pg/m’. 
However, as Figs. 3 and 4 show, the simulations allow 
a much more thorough comparison with the observed 
data than do the point-estimate models. 

These results suggest, contrary to the speculation 
by Idle) 49 ' that salivary cotinine as a quantitative indi¬ 
cator of ETS exposure is not “seriously compromised” 
by individual biological variations. For simplicity in es¬ 
timating concentrations, the nicotine Eq. (1) can be ex¬ 
pressed as N ---■ 1600 d,PjC\,-, and Eq. (5) as =» 

1300 dpPJCy in units of pg/rn 3 . Similarly, the salivary 
cotinine equation can be expressed in the simplified form 
S = 0.05 in units of ng/ml, where ETS exposure 

is assumed to occur for 7 hrs/day. 


8. ESTIMATED MORTALITY ASSOCIATED 
WITH ETS NICOTINE AND SALIVARY 
COTININE 

We now use our pharmacokinetic model for sali¬ 
vary cotinine to assess the risk of disease at various lev¬ 
els of dose using a dose-response relationship and to 
assess the gravity of that risk, employing decision rules 
in use by federal environmental and occupational health 
regulatory agencies. 

Dose-response. Repace and Low rev' 11 developed a 
pharmacokinetic risk model which enables nicotine in 
air and cotinine in plasma and urine to be related to lung 
cancer risk front passive smoking. The risk model on 
which this was based was successful in predicting the 
risk ratio observed in the American Cancer Society 
(ACS) Cohort Study of passive smoking and lung cancer 
in nonsmokers in the ACS CPS I study.™ The model 
also predicted a doubling of nonsmokers’ lung cancer 
risk due to workplace passive smoking,< S6 > consistent 
with the findings of Reynolds et al. discussed above.™ 
Using this model, and assuming a linear dose-response 
relationship, Repace and Lowrey ,3) associated an average 
plasma cotinine level of P = 0.4 ng/ml for 40 years with 
an increased lung cancer mortality risk of 1/1000. For 
purposes of comparison with OSIIA’s decision rules, we 
adjust this to a a 45-year working lifetime (WLT 45 ), and 
convert the dose-response relationship from plasma to 
salivary cotinine. Using Eq. (8) with y — 1.16 yields a 
dose-response relationship for lung cancer which asso¬ 
ciates an average salivary cotinine level of 0.4 ng/ml 
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Fig. 5. Estimated increased heart disease death and Jung cancer mor¬ 
tality risk vs. average salivary cotinine level for nonsmoking office 
workers from workplace ETS exposure for a 45-yr working lifetime, 
based on the assumption that risk is linear with dose. From Tabic II, 
>95% of office workers are estimated to exceed 0.04 ng/ml, corre¬ 
sponding to the OSHA significant risk level (1 expected death per 
1000 workers at risk) for heart disease, and virtually all such workers 
are estimated to exceed the de manifeslis and de minimis (beneath 
regulatory concern) risk levels for heart disease. For lung cancer, about 
half of office workers are estimated to have salivary cotinine concen¬ 
trations exceeding 0.4 ng/ml, correspondi tig to the OSHA significant 
risk level; about three-fourths of office workers appear to exceed the 
de manifeslis risk level, and all are estimated to exceed the de minimis 
risk level. 


with a probability of lung cancer death of one excess 
lung cancer death per thousand workers per WLT 4J . This 
risk model® also associates, per WLT,,,, 121 ' a workplace 
airborne nicotine concentration of 6.7 )ig/m 3 to an esti¬ 
mated excess lung cancer risk of 1/1000 (10 -3 ). 

Risk Assessment. De minimis risk, typically a 10 6 
lifetime risk, is that level at or beneath which involun¬ 
tary risk is generally of no regulatory concern, and the 
de manifeslis risk, typically a 3 X 10“' lifetime risk, is 
that level at or above which involuntary hazards are in¬ 
variably of regulatory concern/ 551 With respect to 
OSHA, that Agency has frequently used an increased 
lifetime risk of 10 1 due to exposure during a working 
lifetime as a legally defensible “Significant Risk,” or 
regulatory action level/ 2 Mapping the simulated salivary 
cotinine distribution in Table II into risk using this dose- 
response relation it is estimated that about 60% of work¬ 
ers in office workplaces with unrestricted smoking 
exceed OSHA’s significant risk level for lung cancer. 
De manifeslis risk occurs at 0.14 ng/ml, which based 
upon table II, would appear to be exceeded for 90% of 
workers. Virtually all workers would exceed the 10 6 de 


minimis risk level which occurs at 0.4 pg/ml. These re¬ 
sults are summarized in Fig. 5. 

A rough approximation to the risk of heart disease 
mortality from office passive smoking may be obtained 
as follows. Repace and Lowrey (66) and EPA® respec¬ 
tively, estimated the total annual number of U.S. passive 
smoking lung cancer deaths (LCDs) as 5000 and 3000. 
Wells'^-' 1 estimated 61,000 passive smoking heart disease 
deaths (HDDs), Glantz and Parmley< M) 37,000 HDDs, 
and Steenland W5 > 35,000-40,000 HDDs. If all studies are 
averaged, the ratio of HDDs to LCDs is 45,000/4000 
ILL, This suggests that the risk of heart disease mor¬ 
tality from passive smoking is about tenfold the risk of 
lung cancer mortality, and thus levels of salivary cotin- 
inc of 0.4 ng/ml in nonsmokers may be roughly asso¬ 
ciated with a 45-yr working lifetime heart disease risk 
of the order of 1/100, assuming a linear dose-response 
relationship. From the risk levels shown in Fig. 5, it is 
seen that for all cotinine levels >0.04 ng/ml, significant 
risk is exceeded for heart disease mortality. From the 
percentiles of the cotinine distribution in Table III, we 
estimate that more than 95% of nonsmoking workers 
exceed OSHA’s significant risk level due to passive 
smoking. Similarly, virtually all workers in office work¬ 
places with unrestricted smoking are estimated to exceed 
both the de manifeslis and de minimis risk levels. 

OSHA estimates that 74,201,000 nonsmoking 
adults (73.01% of the U.S. labor force) are currently 
employed.® Of these, about 54% are office workers, 
who work in many of the 4.5 million commercial build¬ 
ings in the U.S/ 17 - 283 In a national survey of 100,000 
workers during 1992-1993 conducted by the National 
Cancer Institute and the Bureau of the Census, about 
30% of all office workers (28% of nonsmoking workers) 
reported that their workplaces either had a policy which 
allowed smoking or had no policy on workplace smok¬ 
ing/ 69 ' This suggests that 11.2 million (0.28 X .54 X 
74,201,000) nonsmoking office workers have work¬ 
places with unrestricted smoking. Using the mean com¬ 
bined dose-response estimated for heart disease and lung 
cancer, we estimate the population risk for these workers 
at 215,600 deaths in 45 years {0.70 ng/ml /(0.4 
ng/ml/0.011 deaths per WLT) X 11.2 X 10 s workers}, 
or about 4800 deaths per year in nonsmoking office 
workers, with about 4400 from heart disease, and about 
440 from lung cancer. These estimates may be compared 
with OSHA’s risk estimates of from 140 to 722 annual 
cases of fatal lung cancer and from 2094 to 13,000 
deaths from heart disease per year occur among all nons¬ 
moking U.S. workers (white-, pink-, and blue-collar), or 
that between 2238 and 13,722 total deaths per year will 
be avoided by elimination of nonsmokers' exposure to 
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ETS in the workplace/ 2 * By comparison, the estimated 
number of nonsmokers ’ lung cancer deaths annually 
from all passive smoking (work, home, social) is about 
4000 (compared to a total from all causes in both smok¬ 
ers and nonsmokers of 139,000), <1,66 * and the annual 
number of heart disease deaths in nonsmokers from pas¬ 
sive smoking is estimated to be about 45,000 (compared 
to a total from all causes in both smokers and nonsmok¬ 
ers of 537,000)/ 63 * 

9. CONCLUSIONS 

We have developed models for estimating ETS air 
nicotine concentrations in office workplaces with unre¬ 
stricted smoking based on 6 parameters, and nonsmok¬ 
ing workers’ salivary cotinine doses based on 7 
parameters, including nicotine. Using Monte Carlo sim¬ 
ulation, we compared our model results to observed dis¬ 
tributions of airborne nicotine in offices and on salivary 
cotinine levels in nonsmoking office workers, and found 
an adequate fit We then used our model to derive life¬ 
time lung cancer and heart disease mortality risk esti¬ 
mates from chronic workplace passive smoking as a 
function of salivary cotinine. 

Our model results suggest that at the current 28% 
prevalence of unrestricted smoking in the office work¬ 
place, passive smoking creates a significant risk, causing 
an estimated 4000 heart disease deaths and 400 lung 
cancer deaths annually among nonsmoking office work¬ 
ers. 
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APPENDIX: PARAMETER VALUES FOR THE 
MODEL 

Table 1 summarizes the means, standard deviations, 
and ranges for the parameters. The mean values from 
the literature are used as target means in the Monte- 
Carlo simulation program, 1 ' 11 * In general, a standard de¬ 
viation of 20% was used for parameters for which there 
were fairly good data, and 30% was used when the data 
were limited, while 15% was used when a tighter dis¬ 
tribution was anticipated, and 50% was used for param¬ 
eters that were highly variable or uncertain. 


1. y, the salivary-to-plasma cotinine ratio: the follow¬ 
ing means and standard deviations for (S, P) pairs 
were reported 0 2 ' 7< *>: 5 = 1.69 ± 2.27 ng/ml and P 
= 1.46 ± 2.28 ng/ml, for 100 persons exposed to 
passive smoking, yielding y — 1.16. For five per¬ 
sons exposed to oral nicotine, 05 * y = 1.19. For nine 
persons exposed to oral and intravenous dosing of 
cotinine/ 111 y = 1.28 ± 0.1 (mean and SD). We 
assume a mean and standard deviation of y = L.16 
± 0.35 (30% SD) normally distributed. 

2. 8, the cotinine plasma clearance rate (ml/min): from 
DeSchepper et al. (1987)' 711 ( n — 4), the mean and 
standard deviation is 8 = 60.7 ± 9.9 ml/min. From 
Curvall et al. (1990), assuming a 70 kg person, 
based on oral and IV dosing of cotinine (m (n — 9), 
Cl x = 61.4 ± 7.1 ml/min. A weighted average of 
the two results yields 5 = 61.2 ±8 ml/min (mean 
and SD), normally distributed; we assume 8 = 61 
+ 18 (30%). 

3. <(, the nicotine-to-cotininc conversion efficiency (di¬ 
mensionless): Benowitz (personal communication) 
reports: 4> = 0.78 median and mean, ± 0.10 SD, 
i.e., normally distributed (n = 146) range, 0.49-1.0, 
coefficient of variation 13%, using intravenous in¬ 
fusion of nicotine, with no significant difference be¬ 
tween smokers and nonsmokers. We assume a mean 
and SD for 4> = 0.78 ±0.16 (20%), normally dis¬ 
tributed, but truncated such that 4> does not exceed 
1. 

4. a, the lung nicotine absorption efficiency was mea¬ 
sured' 47 * with a mean and SD for a — 0.713 ± 
0.102, (n = 17), range 45-95%. We assume a = 
0.71 ± 0.21 (30%), normally distributed but trun¬ 
cated such that a < 1. 

5. C v is the air exchange rate due to mechanical ven¬ 
tilation and infiltration. The basic design standard 
for North American ventilation rates is the ASH- 
RAE Standard/ 7 * Persily 05 ’ reported on annual av¬ 
erage air exchange rates in 14 large U S. office 
buildings constructed between 1969 and 1984 (V - 
18,500 m* to 249,000 m 3 ). Omitting two buildings 
with unusual characteristics, data presented for the 
remaining 12 buildings had a mean and SD for 

= 0.84 ± 0.25 ach and a median of 0.80 ach. 0.84 
ach is the expected value for the ASHRAE Standard 
for offices/ 25 ' 60 * Air exchange rates ranged as low as 
0.2 ach (2% of measurement) with few measure¬ 
ments above 3.5 ach. The combined distribution of 
buildings exhibited a lognormal distribution of air 
exchange rates. We take C v to be lognormal, with 
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bounds of 0.2 to 8 air changes per hour (ach), and 
a mean value of 0.84 ach as calculated above, cor¬ 
responding to the ASHRAE Standard. We assume a 
standard deviation of 0.42 ach (50%). 

6. q — C ef /C v . q is the ratio of the effective ventilation 
rate C cff , to the mechanical ventilation rate C v . ETS 
RSP and nicotine are adsorbed onto surfaces, which 
enhances their removal relative to that for nonreac¬ 
tive contaminants which occurs by ventilation only. 
At the mixing extremes, lurbulent to stable, q might 
vary from 1 to 4, but field experiments in commer¬ 
cial buildings suggest®- 58 ' a relatively stable value of 
about 2.2, independent of C v . Rickert el af¬ 
firmed this hypothesis using controlled experiments. 
We assume that q = 2.2, is lognormally distributed, 
and ranges between 1 and 4, with a standard devi¬ 
ation of 15%. 

7. G lV , the ETS-nicotine emission factor. In earlier 
work, this emission factor was estimated from the 
expression G, v = G S /10, (J,W,) yielding a value of 
2.4 nig/cig. Data comparing ETS-RSP emissions to 
ETS-nicotine emissions for the top 50 U.S. cigarette 
brands, smoked by smokers in an unventilated 
chamber, and stated to represent 64% of the U.S. 
market, was submitted to OSHA by RJR/ 27 - 231 From 
this data, we calculate a mean and SD for G w — 
1765 ± 282 pg/cig (range 1100-2600 (tg/cig), and 
an ETS RSP-to-Nicotine ratio of 7.9 ± 1.6/ 3tl ' An 
analysis* 30,6 ® 3 shows that nicotine is normally distrib¬ 
uted, that RSP is fairly normal, and that the RSP- 
to-nicotine ratio is normally distributed. Leaderer 
and Hammond®^ measured the ETS-RSP emissions 
for ten brands of cigarettes representing 48% of the 
U.S. market, as well as the RSP/nicotine ratio (14: 
1) in the steady state. Dividing the RSP emissions 
by this ratio, we estimate the nicotine emissions, 
using 0.63 g of tobacco per cigarette. The results 
yield an estimated 1,23 ± 0.20 mg/cig for ETS nic¬ 
otine emissions. In several field studies, RSP to nic¬ 
otine ratio ranged from 8.6 to 10.8, averaging about 
10.®’ For 10:1 the estimated nicotine yield averages 
1.7 mg/cig, close to the value calculated from the 
RTR data. We assume a mean and SD for G N = 
1800 ± 540 (30%), range 700-2900, to allow for 
partially-smoked cigarettes at the low end, and 
slightly higher to allow for cigarettes which are 
smoked down to the filter. We also give a larger 
variability than derived from the RJR results to al¬ 
low for the fact that the data are not identified by 
brand, and therefore cannot be sales-weighted/ 52 ' 


8. p, the respiration rate. The respiration rate for a rest¬ 
ing person is about 0.36 m 3 /hr, for a person sitting 
about 0.60 nri/hr, for alternate sitting and light work, 
about 0.99 mVhr, for light work about 1.47 m 5 /hr, 
and for heavy work, about 2.04 m-7hr.- 48> We assume 
that office workers have an average respiration rate 
of 0.9 mVhr, to reflect more sitting than light work, 
normally distributed, and bounded between 0.4 and 
1.4, with a standard deviation of 0.18 mVhr (20%). 

9. P x! the smoking prevalence. We assume a smoking 
prevalence of 29% using national statistics/- 23 ’ 1 The 
office smoking prevalence is assumed to bounded 
between 5—90%, normally distributed, with a default 
standard deviation of 0.06 (20)%. White collar 
workers have a lower smoking prevalence than blue 
collar or service (pink collar) workers, who may 
also be present in some buildings containing of¬ 
fices/ 43 ' 

10. d p = (nJV), the person density, is assumed to vary 
normally, and to be bounded between 0.005 persons 
per m 3 to 0.08 persons per m 3 , with a mean value 
of 0.025, and a default standard deviation of 0.005 
(20%). The mean value is based upon an assumed 
net mean office occupancy of seven persons per 
thousand square feet of office space in keeping with 
the default assumption of the ASHRAE Standard, 
and assumes a 10-ft ceiling. 

11. H, the number of hours of exposure of the nons¬ 
mokers per full-time workshift. The mean value is 
set at 7, and the possible range is taken to be 6—8, 
with a standard deviation of 0.5, normally distrib¬ 
uted. The length of the workshift is kept tight be¬ 
cause if is calculated specifically for an 8-hr 
workshift with 1 h (unexposed) for lunch (see be¬ 
low). 

12. r, the smoking rate is assumed to vary from 0.1 
cig/sm-hr to 6 cig/sm-hr, with an average of 2, (62 > 
and a standard deviation of 0.6 (30%). 

13. t, is the averaging time over which the dose is cal¬ 
culated. We calculate a daily average by setting t 
= 1440 min/day. 

14. / = N a JN is the ratio of the time-weighted average 

of a concentration N(() over a period AT - 8 
hrs to the equilibrium concentration N, where the 
duration of smoking is t s — 7 hr. The time weighted 
integrals of this distribution can he represented, for 
a 3 hr AM growth period followed by a 1 hr lunch 
break decay period followed by a 4 hr PM growth 
period, by the expression f— {7/8 + (— 1 + e~ 4 « cv 
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_ e -s^cv 4. e '8?cvyg qC v ], where the total length of 
the workday is 8 hr. For q = 2.2, and C v — 0.84 
hr -1 , / = 0.81; as C„ varies from 0.2 to 10 ach, / 
varies from 0.62 to 0.87. This expression may also 
be written in simplified form using curve-fitting, as 
/ = 0.86 — 0 39e -2 SCv - Methods of calculating N avt . 
are discussed elsewhere. 13 * 1 
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